Bulk wave parameters such as wave height and wave period are required for engineering and environmental applications. In this study, measured wave data from six shallow water locations in the data-sparse North Indian Ocean are used to assess the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-I) wave height and period data in the nearshore waters around India. The difference between the ERA-I significant wave height (SWH) and the buoy SWH varies from -1 to 1 m with an average value of -0.1 m for the three west coast locations. For the three east coast locations, the variation ranges from -2.2 to 1.7 m with an average value of -0.2 m. The ERA-I SWH data shows positive biases, indicating an overall overestimation for all locations except for the northern location in the west coast of India where underestimation is observed. During the tropical cyclone period, a large (~33%) underestimation of SWH in the ERA-I data is observed. Hence, the ERA-I SWH data cannot be used for design applications without site-specific validation. The difference between the wave period from ERA-I and the energy wave period from the buoy varies from -6 to 4 s with an average value of -0.3 s. The inter-comparisons suggest that the ERA-I dataset shows encouraging agreement with the annual-mean SWH and the energy wave period.
Introduction
Wind waves are a prominent feature of the ocean surface and play a major role in activity planning in the open ocean and in coastal zones (Tucker and Pitt 2001) . The monsoons of the Indian Ocean are an example of strong ocean-atmosphere interaction over basin scales. The Arabian Sea (AS) and the Bay of Bengal (BoB) play an important role in modulating the monsoons over the Indian Ocean. Bounded to the north by the Asian continent, the unique geography of the North Indian Ocean leads to a complex annual cycle associated with substantial seasonal reversals of the annual monsoon winds (Slingo et al. 2005) . The reversal of the large-scale wind field in the northern Indian Ocean between the boreal summer and winter leads to seasonal changes in waves. Near shore region of east coast of India is very steep and narrow, whereas it is broad and flat in the west coast of India. The effect of summer monsoon is higher in the west coast compared to that in the east coast of India. North Indian Ocean is frequented by cyclonic storms and the impact of cyclonic storm is higher in the BoB than in the AS (Singh et al. 2000) and these events can cause inter-annual variations in wave parameters (Shanas and Kumar 2015) .
Cyclones in the BoB generally occur in April-May and October-December.
Generally, wave characteristics are represented by significant wave height (SWH) and wave period (T) .
Wave data at a location are obtained through i) in-situ measurements, ii) voluntary observing ships (VOS) data, iii) satellite altimeter and iv) model datasets. In-situ wave data coverage in the North Indian
Ocean is sparse. For most of the area, it is not available for a long duration due to the high expense of the installation and maintenance of wave measuring instruments. Visual observations of wave parameters from ships (VOS) data have been available along shipping routes since 1784. However, by their nature these observations are subjective and there are large un-sampled areas over the oceans due to missing ship routes (Gulev and Grigorieva, 2004) .Satellite altimetry and its recent improvement in resolution as well as in data quality are worthwhile, but globally, the repeat cycle of satellite altimetry for a location varies from 10 days for TOPEX/POSEIDON satellite mission to 35 days for ERS satellites (Traon 2013) . Hence, satellite altimetry does not present high temporal resolution and the chances of missing extreme events are high.
Wave hind-casts with numerical models have become a common tool to get the wave height and wave period for locations devoid of observational data. The data based on the numerical model require validation before using for practical application. Vethamony et al. (2006) compared the numerical model (MIKE 21) results with measured buoy data in the North Indian Ocean. They reported the correlation coefficients for the model and measured significant wave heights (SWHs) in the range 0.68-0.91 m with a bias up to 0.6 m. At some locations during the south-west (SW) monsoon period, the difference between the measured SWH and the model SWH is up to 2 m (Vethamony et al. 2006) . The hindcasts of wave parameters in the Indian Ocean using MIKE 21 SW by Remya et al. (2012) showed a difference of up to 1.5 m between the model SWH and the measured SWH.
The ERA-Interim (hereafter ERA-I) dataset is available for all locations of the globe from 1979.
Recently, a validation study was carried out by comparing ERA-I data with buoy data (Stopa and Cheung 2014) . Stopa and Cheung (2014) observed that ERA-I data generally underestimates the wave height with lower standard deviations in comparison to observations, but it maintains slightly better error metrics. Some studies around the globe have been conducted on the correction of the reanalysis product (Caires and Sterl 2005) . However, the accuracy of the ERA-I SWH and wave period in the datasparse North Indian Ocean is not well documented. Shanas and Kumar (2014a) compared the ERA-I wave parameters with buoy data at a shallow water location and a deep water location in the eastern AS for a few days during the high wave condition (SWH> 2 m). They found that the maximum SWH based on ERA-I data in deep water is 15% less than the maximum SWH measured by the buoy. They also found that, in shallow water, ERA-I overpredicts the maximum SWH by 9%. Finally, Shanas and Kumar (2014a) found that the comparison of the wave period and direction at both locations shows significant scattering.
The ERA-I dataset is widely used i) for arriving at the design wave condition (Agarwal et al. 2013) , ii) studying the long-term variation in wave height and iii) assessing the wave power potential (Portilla et al. 2013) . Hence, it is important to know how this dataset compares with measured wave data during different seasons and at different locations. In this study, the ERA-I wave height and wave period data were compared with buoy measured data at six shallow water locations in the North Indian Ocean. Three of the locations were off the west coast of India and three were off the east coast of India (Figure 1) . Table 1 provides the details of the locations and the periods of the data used in the analysis. The wave characteristics of the study locations are presented in Sajiv et al. (2012) , Glejin et al. (2013a; , Anoop et al. (2014) , Kumar et al. (2014a; , Dora and Kumar (2015) and Kumar and Anjali (2015) . The overall data that was considered and the associated methodology for their processing are presented in Section 2. The presentation and analysis of the results are reported in Section 3, and the summary and conclusions are presented in Section 4. (Komen et al. 1994) , and the version used in ERA-I includes several enhancements, both in physics and numerics, over the version that was used in ERA-40. Also, the wave model used in ERA-I includes shallow water physics (Janssen et al. 2005; Janssen 2008 ). The updated version of WAM includes a revised formulation of ocean wave dissipation, which has reduced the root mean square error in the wave period against the buoy data and shows that the error in the estimate of wave period are much smaller than that in ERA-40 (Bidlot et al. 2007 ).
b. Buoy data
The measured wave data using the directional wave rider buoy, DWR Mk-III, was compared with ERA-I wave data. The wave measurements were carried out by the National Institute of Oceanography 
c. Statistical parameters used for data comparison
The statistical parameters used for comparison of the ERA-I data with the measured wave data were the root-mean-square error (RMSE), bias, scattering index (SI) and correlation coefficient (r) and are defined below.
where A i represents the data obtained from the ERA-I, B i represents the data from the buoy measurements, N is the number of data points and the over bar represents the mean value.
The bias is a statistical quantity that signifies the average difference between the ERA-I and buoy data.
The lower value of RMSE indicates a better fit of data between ERA-I and observations.
Results and discussions
a.
Significant wave height
The measured buoy data shows that the annual mean SWH along the eastern AS is 1 to 1.1 m, whereas the annual mean SWH along the western BoB is 0.7 to 1.3 m ( Table 2 ). Along the eastern AS, the variation in SWH between Karwar and Ratnagiri is equal to or slightly greater than 20% during the nonmonsoon period, whereas it is less than 10% during the monsoon season (Anoop et al. 2014 ). Due to the SW monsoon influence in the eastern AS, the monthly mean SWH varies from 0.6 m during December to 2.4 m in July (Anoop et al. 2014) . The annual maximum SWH varies from 3.4 to 3.8 m in the eastern AS and from 2.7 to 6.3 m in the western BoB (Table 2 ). During 2010, the maximum measured SWH in a shallow water location was 3 m off Gangavaram and 2.7 m off Puducherry in the western BoB . During the same year, the maximum measured SWH was 4.2 m off Ratnagiri and 3.7 m off Honnavar in the eastern AS . During tropical cyclone (TC) Thane, a maximum SWH of 6 m was reported off Puducherry in the western BoB ). The maximum measured SWH in the eastern AS was 5.9 m while the maximum measured SWH in the western BoB was 8.4 m during the passage of the Orissa super cyclone (Rajesh et al. 2005 ).
The scatter plot of the ERA-I SWH versus the buoy SWH and a least squares linear fit to the datasets is presented in Figure 2 . The later shows that the slopes of the fit-line are predominantly close to 1 for locations along the west coast of India compared to locations along the east coast of India and a large deviation is observed for the location off Puducherry. The comparison statistics also illustrate that the ERA-I SWH data show good agreement with the buoy measured SWH data off the west coast of India (Table 2) The maximum buoy SWH (3.8 m) off Ratnagiri occurred in July during the SW monsoon and the corresponding ERA-I SWH was 3.1 m. During the period 2-3 September 2011, Ratnagiri was under the influence of TC Keila (IMD 2011). At 0000 UTC on 3 September 2011, the maximum buoy SWH was 3.7 m while the ERA-I SWH was 2.8 m, but at 0600 UTC, the ERA-I SWH (3.4 m) was close to the buoy SWH (3.6 m).
The monthly average values indicate that the difference between the ERA-I SWH and the buoy SWH is less along the west coast of India than along the east coast (Figure 3 ). Among the west coast locations, underestimation of the SWH in ERA-I is observed at the northern location (Ratnagiri), whereas overestimation of the SWH in ERA-I is observed at the other locations (Karwar and Honnavar). Karwar and Honnavar are swell-dominated locations (Sajiv et al. 2012; Anoop et al. 2014) , and hence the overestimation of SWH in ERA-I at these locations is due to swell height overestimation since the swell dominance in the northern location is less than that at the southern locations ). For the locations off the east coast of India, the scatter between the ERA-I SWH and the buoy SWH is large. It is largest for the location off Puducherry. Overestimation of the monthly mean SWH at all three locations off the east coast of India are observed in the ERA-I dataset since the waves were predominantly (84%) swells. The wave data of Gopalpur covers the data during TC Phailin ). The maximum SWH from the buoy data during the TC is 6.3 m, whereas during the same period, the ERA-I data is 4.2 m and the underestimation of the SWH in ERA-I is ~33%. Due to low resolution, ERA-I underestimated the wave height at the peak of the cyclone. Shanas and Kumar (2014a) observed relatively high bias values for high waves (SWH > 2.5 m) for which the ERA-I data underestimated the measured SWH data up to 15%. The present study shows that the underestimation of the annual maximum SWH in ERA-I data along the west coast of India is less than 10%, whereas for the Puducherry and Gangavaram locations, the ERA-I data overestimates the annual maximum SWH by 12 and 46%, respectively (Table 3) The study shows that the ERA-I SWH can be used with a confidence of 85% for the shallow water locations off the west coast of India. However, for the locations off the east coast of India that are frequently influenced by TCs, ERA-I will underestimate the high SWH by a large percentage (~33%). (Table 4) .
Wave data in ERA-I were produced on a grid with a resolution of the order of 110 km. Even though shallow water physics are active in the model, due to the coarseness of the grid, the coupled wave component (Janssen 2004 ) is coarser at approximately 110 km and the mean water depth at the point of interest is different from the buoy location. Also, the data used for evaluating the ERA-I data in the present study were collected using buoys located 1.5 to 5 km from the coast (Table 1) . This difference in water depth might explain the discrepancies between the ERA-I observations and the buoy observations, in particular in terms of wave period.
Summary and conclusions
In this study, we evaluated the performance of ECMWF Interim Re-Analysis SWH and Te data at six shallow water locations around the Indian sub-continent by comparing data from these locations with insitu buoy measurements. Three locations along the west coast and three locations along the east cost of India were selected. Measured data covering different seasons were used for the study.
The analysis showed that ERA-I overestimates the SWH along the west coast of India due to swell height overestimation. The difference between the ERA-I SWH and the buoy SWH is up to 15% for shallow water locations off the west coast of India. Even though the annual average values of bias indicate that ERA-I overestimates the SWH, underestimation of the SWH is large in ERA-I for higher wave heights (> 2.5 m). The locations off the east coast of India are frequently influenced by TCs, and ERA-I underestimates the SWH at these locations during the cyclone period by 33%. Hence, ERA-I
should not be used for design applications without proper validation. The difference between the buoy Te and the ERA-I Te is large (> 2 s) when the SWH is less than 1.5 m.
In summary, it is difficult to assess the root causes of ERA-I biases and errors using a low-resolution global model in a somewhat complex basin (primarily, the Bay of Bengal) with in situ observations located in the nearshore environment. Orographic effects and bathymetry may be at play in this environment. Given this, one would expect to find lowest confidence in the ERA-I data at the Puducherry site, where partial obstruction from southerly wave energy comes into play as well as the potential for land-sea interaction with planetary boundary layer wind flow. As indicated, the model results from the onshore monsoonal flow are better depicted by ERA-I. Thus, stratifying results into seasonal categories is an appropriate strategy and explains the superior results along the west coast.
However, short-term sub-synoptic scale wind pulses and fluctuations are not likely to be captured by a lower resolution ERA-I. 
